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SYNOPSIS 

Four  blast  tests  were  performed  on  30-ft  (9.1-m)  tall  precast,  prestressed  concrete  wall  panels.  Two 
conventional  sandwich  panels  and  a  control  panel  were  examined  and  shown  to  perform  adequately  under 
the  blast  demands.  An  approximate  dynamic  analysis  technique  for  finding  the  blast  resistance  of  the 
wall  panels  was  developed  and  validated  using  the  experimental  results.  For  the  wall  panels  in  this  study, 
it  was  found  that  an  undamped  analytical  model  provided  reasonable  peak  displacement  approximations. 
Using  the  results  from  the  undamped  analytical  model,  conservative  iso-damage  curves  were  developed 
that  characterize  wall  panel  behavior  subjected  to  varying  levels  of  blast  demands  It  was  found  that 
accuracy  of  the  iso-damage  curve  can  be  increased  by  accounting  for  the  negative  impulse  regime.  The 
analytical  model  is  extended  to  assess  the  capacity  of  double  tees  subjected  to  a  close-on  explosion. 

Keywords:  Blast  loading,  sandwich  wall  panels,  experimental  results,  double  tee,  dynamic  analysis,  iso¬ 
damage  curve 

Introduction 

In  today’s  climate,  protection  against  blast  has  become  a  high  priority  for  many  clients.  Blast  retrofits 
and  structural  hardening,  much  like  earthquake  retrofits,  can  prove  to  be  costly.  For  this  reason,  it  is 
important  to  understand  that  inherent  in  any  structural  element  is  its  capacity  to  absorb  energy  and  resist 
explosions.  Therefore,  a  general  approach  that  allows  a  designer  to  realize  the  absoiption  capacity  of  a 
structural  element  may  preclude  the  need  for  a  blast  specific  retrofit.  To  illustrate  this  concept,  the  blast 
resistances  of  non-load  bearing  precast,  prestressed  concrete  sandwich  wall  panels  (WP)  are  examined. 
These  components  are  used  extensively  in  modem  construction  for  cladding  of  building  systems  and  often 
provide  the  primary  level  of  protection  from  a  blast  event. 

This  paper  investigates  the  behavior  of  precast,  prestressed  concrete  WP’s  subjected  to  blast  loads.  Four 
blast  tests  were  perfomied  on  four  WP’s.  An  analytical  model  was  developed  and  validated  with  the 
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measured  blast  demands  and  peak  displacements.  The  analytical  model  is  used  to  predict  WP  damage  for 
varying  levels  of  peak  pressures  and  impulses.  An  extension  of  this  method  is  proposed  for  assessing  the 
blast  resistance  of  horizontal  diaphragm  elements.  The  method  is  applicable  for  traditional  precast 
diaphragm  construction  consisting  of  double  tee  (DT)  or  hollow  core  planks.  An  example  analysis  and 
design  aids  for  a  DT  floor  system  with  a  localized  blast  is  provided. 

Background  on  Blast  Demands 

Blast  demands  on  structures  are  generated  by  the  detonation  of  a  high  explosive  (HE)  charge.  After 
detonation,  a  chemical  reaction  occurs  in  which  the  solid  (or  liquid)  HE  changes  into  a  gas  in  a  very  short 
period  of  time.  The  pressure  loading  generated  is  very  complex  and  dependent  on  many  factors  including 
the  type  and  size  of  explosive,  the  location  of  the  explosive  relative  to  the  structure,  and  the  objects 
between  the  HE  and  the  structure. 

The  load  effects  generated  by  a  blast  can  be  divided  into  four  components:  over-pressure,  impact  of 
primary  fragments,  impact  of  secondary  fragments,  and  reflected  pressure  [ELS.  Army  1998].  Primary 
fragments  are  characterized  as  high  velocity  pieces  of  the  explosive  casing.  They  are  typically  ignored  in 
structural  design  because  of  their  size.  Secondary  fragments  are  objects  that  lie  between  the  structure  and 
the  HE  that  are  propelled  as  the  blast  wave  expands  from  the  detonation.  While  both  of  these  demands 
can  result  in  significant  loss  of  life  they  are  not  commonly  considered  in  the  design  of  the  structural 
system. 

As  the  pressure  loading  expands  outward  from  the  detonation  location  a  rise  in  the  ambient  pressure 
occurs.  The  magnitude  of  this  pressure  increase,  or  over-pressure,  is  dependent  on  both  the  amount  of 
and  radial  distance  (standoff)  from  the  explosive.  When  the  pressure  wave  comes  in  contact  with  an 
object  in  its  path,  an  instantaneous  rise  in  pressure  above  the  over-pressure  occurs.  This  pressure  increase 
is  termed  reflected  pressure.  The  reflected  pressure  demand  is  typically  the  controlling  quantity  for  blast 
analysis  and  design  of  structural  components.  A  reflected  pressure  demand  is  shown  in  Figure  1.  The 
pressure  arrives  at  time,  ta,  after  the  detonation.  The  pressure  instantaneously  rises  to  Pmax,  the  maximum 
reflected  pressure,  and  decreases  exponentially  to  a  negative  reflected  pressure,  Pmm.  The  positive 
pressure  occurs  over  a  duration  t0.  The  energy  of  the  blast  demand  can  be  characterized  by  the  area  under 
the  pressure  time  curve.  The  area  is  divided  into  a  positive  impulse,  Ip,  and  negative  impulse, 
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Figure  1 :  Reflected  pressure  demand 

Reflected  pressure  versus  time  curves  are  typically  approximated  for  dynamic  analysis.  For  simplicity  the 
negative  impulse  is  ignored  and  the  shape  is  estimated  as  a  triangular  pulse.  The  pulse  is  assumed  to  have 
the  same  Ip  and  Pmax  as  the  actual  demand.  A  corresponding  duration,  td,  can  be  determined  (Figure  1). 
Typical  blast  demands  have  td  values  on  the  order  of  10  to  20-msec.  Due  to  the  short  time  duration  of 
explosive  demands  blast  evaluation  requires  a  structural  dynamics  approach. 

Static  versus  Dynamic  Evaluation 

Design  requires  that  the  resistance  of  the  structural  component,  R(y),  be  greater  than  the  applied  load 
demand,  P  (Equation  (1)).  For  conventional  demands  such  as  wind  or  earthquakes,  an  equivalent  static 
design  procedure  is  used  where  the  accelerations  and  velocities  of  the  structure  are  assumed  to  be  zero 

[ASCE  7-05].  kinder  a  highly  dynamic  demand,  P{x,t),  such  as  an  explosion,  the  accelerations,  v  ,  and 

velocities,  y  ,  of  the  structure  become  non-zero.  As  a  consequence,  the  mass,  M,  and  damping,  C,  of  the 
structure  can  provide  significant  contribution  to  the  resistance.  Equation  (2)  presents  the  equation  of 
equilibrium  that  must  be  satisfied  under  a  dynamic  condition.  Clearly  it  is  advantageous  to  have  a 
structure  with  large  mass  and  high  damping  under  dynamic  conditions;  however,  the  same  structure  may 
be  at  a  disadvantage  in  a  static  condition  due  to  the  high  mass. 

m  >  p  (i) 

M*y  +  C*y+R(y)  =  P(x,t )  (2) 

Approximate  SDOF  Method 

To  analyze  a  structural  system  under  dynamic  demands  the  equation  of  equilibrium  must  be  evaluated 
incrementally.  Dynamic  analysis  methods,  such  as  the  approximate  SDOF  (single  degree  of  freedom) 
method,  provide  an  efficient  means  for  incremental  evaluation.  The  approximate  SDOF  method  is  widely 
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accepted  for  blast  analysis  and  used  in  practice.  This  method  is  presented  in  detail  in  Biggs  [1964]  and  is 
outlined  in  Naito  and  Wheaton  [2006].  A  brief  overview  of  the  procedure  is  presented  in  the  next  several 
sections. 

Equivalent  Component 

In  a  SDOF  evaluation,  the  structure  is  evaluated  at  the  component  level.  Each  member  of  interest  is 
uncoupled  from  the  rest  of  the  structure  and  analyzed  individually.  Appropriate  boundary  conditions  are 
assumed,  however,  for  simplicity  simple  support  conditions  are  typically  assumed.  The  use  of  simple 
supports  results  in  the  lowest  stiffness  which  provides  a  conservative  estimation  of  element  deformation. 
The  first  floor  WP  and  the  second  floor  DT  panel  can  be  decoupled  from  the  rest  of  the  structure  as  shown 
in  Figure  2. 
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Figure  2:  Wall  Panel  and  Double  Tee  Idealization 

Once  the  component  is  uncoupled  from  the  structure,  an  approximate  SDOF  analysis  is  conducted.  In  the 
analysis,  the  real  WP  and  DT  components  containing  an  infinite  number  of  degrees  of  freedom  (DOF)  are 
reduced  to  an  equivalent  component  characterized  by  one  DOF  (shown  in  Figure  2).  Reduction  to  a  one 
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DOF  system  is  based  on  the  assumption  that  the  fundamental  mode  shape  (or  a  close  approximation  of  the 
fundamental  mode)  governs  system  behavior.  This  greatly  reduces  the  computational  effort  required  to 
perform  the  analysis.  In  this  paper,  mode  shapes  were  derived  based  on  the  deflected  shape  resulting 
from  static  application  of  the  blast  pressure  loads.  Mode  shapes  and  ®2  (shown  in  Figure  2) 
correspond  to  elastic  and  plastic  response,  respectively. 

The  one  DOF  equivalent  component  has  an  equivalent  mass,  Me,  total  force,  P(t),  and  component 
resistance,  R(y),  which  are  dependent  on  the  assumed  mode  shape,  boundary  conditions  and  externally 
applied  loading  of  the  actual  component.  These  aspects  of  the  structural  component  are  accounted  for 
with  a  K/m  factor.  The  WP  KLM  factors  were  formulated  based  on  a  uniform  pressure  load  acting  over  the 
surface  area  and  are  presented  in  Table  1.  The  DT  KLM  factors  for  different  spans  are  also  included.  The 
equivalent  undamped  equation  of  dynamic  equilibrium  is  shown  as  Equation  (3). 


Table  1:  KLM  Factors  (1-ft  = 

0.3048-m) 

®i(x) 

02(x) 

WP 

0.78 

0.66 

DT  (40-ft  span) 

0.496 

0.368 

DT  (45-ft  span) 

0.494 

0.364 

DT  (50-ft  span) 

0.492 

0.360 

DT  (55-ft  span) 

0.491 

0.358 

KLM*M*y  +R(y)  =  P(t)  (3) 

Resistance  of  Structural  Component,  R(y) 

The  resistance  of  the  component  is  characterized  by  a  load-displacement  ( F  -  y)  relationship  computed 
according  to  standard  procedures  [Park  and  Paulay  1975].  The  moment-curvature  (M -  ^/relationship  of 

the  cross-section  is  determined  using  a  fiber  analysis.  For  a  given  lateral  pressure  the  moment 
distribution  is  determined.  From  the  moment  distribution  and  the  moment-curvature  relationship  the 
curvature  along  the  span  can  be  determined.  The  displacement  for  the  given  curvature  distribution  is 
calculated  using  structural  analysis  principles.  The  lateral  pressure  is  incremented  to  develop  an  entire,  F- 
y  relationship. 
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Structural  Damping 

In  most  blast  analysis  and  design  damping  is  ignored.  Yet,  in  order  to  match  the  experimental  results 
presented  later  in  this  paper,  some  form  of  damping  must  be  included.  A  linear  viscous,  classical 
damping  model  was  assumed.  An  approximate  damping  ratio  for  the  fundamental  mode  shape  was  found 
by  applying  the  log-decrement  method  to  the  measured  response.  The  equivalent  damped  dynamic 
equation  of  equilibrium  is  shown  as  Equation  (4).  Damping  varies  with  the  damage  in  the  structural 
component  however  the  damping  is  considered  constant  for  this  application.  For  dynamic  evaluation, 
Equations  (3)  or  (4)  can  be  solved  incrementally  using  numerical  integration. 

KLM*M*y  +  C  *  y+  R(y)  =  P(t )  (4) 

Numerical  Integration 

Numerical  integration  was  performed  using  Newmark’s  constant  acceleration  method  for  non-linear 
systems  [Chopra  2001].  A  time  step  of  0.1-msec  was  used  for  all  models.  The  midspan  displacement  as 
a  function  of  time  is  found  for  the  actual  system  subjected  to  blast  loading.  The  approximate  SDOF 
method  will  be  validated  using  experimental  results  in  the  next  several  sections. 

Experimental  Program 

A  series  of  four  explosive  detonations  were  conducted  on  four  precast  concrete  wall  panels  at  Tyndall  Air 
Force  Base  (AFB)  in  Panama  City,  Florida.  Three  wall  panel  types  were  examined:  a  Control  Panel  (CP), 
Solid  Zone  Panel  (SZP),  and  Carbon  Fiber  Reinforced  Polymer  Panel  (CFRPP).  The  test  structure, 
shown  in  Figure  3,  supported  two  panels  per  detonation  one  in  position  A  and  the  other  in  B.  Table  2 
displays  the  placement  of  each  WP  for  each  blast  test. 


Table  2:  Testing  Program 

Test 

Position  A 

Position  B 

1 

Solid  Zone  Panel 

Control  Panel  1 

2 

Solid  Zone  Panel 

Control  Panel  1 

3 

CFRP  Panel 

Control  Panel  2 

4 

CFRP  Panel 

Control  Panel  2 

The  amount  of  explosive  and  standoff  distance  is  restricted.  The  same  amount  of  explosive  was  used  in 
each  test.  The  maximum  standoff  occurred  in  Test  1  (Tl)  and  was  subsequently  decreased  for  the  three 
remaining  tests.  Also,  the  SZP  and  CP  tested  in  Tl  were  retested  in  T2  because  no  significant  structural 
distress  was  apparent  after  Tl.  The  CFRPP  and  CP  tested  in  T3  were  retested  in  T4. 
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Test  Structure 


A  precast  concrete  testing  structure  was  used  for  the  blast  evaluation  (Figure  3).  The  structure  was 
enclosed  on  all  sides  with  access  doors  located  on  the  rear  of  the  structure.  Simple  support  conditions  are 
assumed  for  the  WP.  Schematics  of  the  supports  and  front  and  side  elevations  are  shown  in  Figure  3. 
The  fixture  was  designed  to  have  a  0.25-in.  (0.64-cm)  gap  on  either  side  of  the  panel  however  some 
binding  was  noted  at  the  bottom  5-ft  (1.52-m)  of  Position  A.  The  test  structure  was  fitted  with  14  external 
pressure  gauges  and  6  displacement  gauges.  The  location  of  the  gauges  can  be  seen  in  Figure  3. 
Displacement  gauges  were  placed  at  !4,  'A,  and  14  height  of  each  panel. 

Panel  Geometry 

Three  different  WP’s  were  tested:  two  conventional  precast  WP’s  and  one  control  panel.  WP  elevations 
and  cross  sections  are  shown  in  Figure  4.  The  control  panel  had  a  solid  cross-section  and  was 
conventionally  reinforced  (no  prestressing  was  used).  The  cross  section  of  the  control  panel  was  chosen 
to  provide  the  same  mass  as  the  conventional  panels. 
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Figure  3:  Test  structure  (Note:  1  -ft  =  0.3048-m;  1-n.  =  2.54-cm) 

The  SZP  and  CFRPP  were  conventional  insulated  sandwich  panels.  The  SZP  contained  solid  zones  of 
concrete  connecting  the  exterior  and  interior  wythes  at  8  locations  on  the  face  of  the  panel  and  at  each 
end.  The  solid  zones  at  each  end  extended  the  full  width  of  panel.  The  CFRPP  contained  only  carbon 
fiber  reinforcement  between  the  wythes.  The  solid  zones  in  the  SZP  and  the  CFRP  in  the  CFRPP  were 
present  to  provide  a  shear  transfer  mechanism  between  the  exterior  and  interior  wythe  so  that  composite 
action  could  occur,  no  other  mechanical  connectors  were  present  for  shear  transfer  between  the  wythes. 
The  SZP  and  CFRPP  were  assumed  to  provide  80%  and  100%  composite  action,  respectively. 


In  Figure  4d,  the  WP’s  are  oriented  such  that  the  exterior  panel  face  is  on  the  bottom.  Note  that  the  CP 
contains  #4  bar  and  welded  wire  reinforcement  (WWR)  and  the  sandwich  panels  contain  prestressing 
strand  and  WWR.  Sandwich  WP’s  were  pre-tensioned  with  8  strands  with  an  initial  jacking  force  of 
16.1 -kips  (71.6-kN)  each.  25%  prestressing  losses  were  assumed. 
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Figure  4:  Panel  details  (Note:  1  -ft  =  0.3048-m;  1-in  =  2.54-cm) 

Experimental  Results 

Results  from  the  four  blast  tests  are  presented  in  Figure  5.  Test  1  is  presented  in  (a)  and  (b),  T2  in  (c)  and 
(d),  T3  in  (e)  and  (f),  and  T4  in  (g)  and  (h).  Position  A  is  shown  on  the  left  and  B  on  the  right.  Each 
subplot  within  Figure  5  presents  displacement  versus  time  histories  from  each  displacement  gauge  as 
identified  in  Figure  3.  The  reflected  pressure  time  history  of  central  pressure  gauge,  P7,  is  used.  A 
secondary  plot  within  each  subplot  shows  a  magnification  of  the  response  up  to  the  first  peak 
displacement. 


The  control  panel  exhibits  consistently  higher  peak  displacements  and  permanent  deformation  than  the 
sandwich  panels.  The  first  peak  displacement  was  the  largest  and  was  followed  by  rebound  displacement 
of  smaller  magnitude.  The  sandwich  panels  exhibited  much  greater  damping  than  the  control  panel.  The 
high  damping  may  be  attributed  to  the  prestressing  or  to  partial  binding  of  the  panel  against  the  test 
structure.  Due  to  the  questionable  source  of  damping  in  the  sandwich  panels  the  damping  of  the  control 
panel  is  used  for  the  subsequent  analysis. 


In  all  cases  the  peak  displacements  occurred  during  or  after  the  negative  region  of  the  impulse.  This  may 
be  attributed  to  the  high  flexibility  of  the  WP  examined  in  this  study.  Shorter  panel  lengths  (10  to  20-ft) 
(3.1  to  6.1-m)  would  significantly  alter  (increase)  the  stiffness  and  shorten  the  duration  to  the  peak 
displacement.  The  plastic  deformation  occurring  in  T3  and  T4  limited  the  first  rebound  displacement. 
Thus,  it  appears  that  when  blast  demands  are  increased,  the  first  peak  displacement  would  be  the  critical 
displacement. 


Displacements  are  not  uniform  over  the  height  of  the  wall.  Differences  are  observed  between  the  %  and 
%  point  displacements  (Figure  3).  This  variation  may  be  due  to  marginal  delay  in  arrival  of  the  pressure 
wave  over  the  height  of  the  wall.  From  the  reflected  pressure  gages  the  time  of  arrival  varied  from  1.5 
and  2-msec  over  the  wall.  In  addition,  the  variation  could  be  attributed  to  the  support  movement  observed 
at  the  base  of  the  wall. 

The  peak  pressure  and  positive  impulse  varied  over  the  height  and  width  of  the  wall  with  the  highest 
value  at  the  bottom  center  pressure  gage.  The  variation  was  small  with  a  coefficient  of  variation  of  less 
than  3%  on  the  pressure  and  10%  on  the  positive  impulse.  Consequently  a  uniform  pressure  load 
assumption  is  assumed  for  the  subsequent  evaluations.  The  measured  peak  pressures  ranged  from  8  to 
29-psi  (55  to  200-kPa)  with  a  positive  duration  from  16.4  to  15.1-msec  and  a  positive  impulse  from  69.1- 
psi-msec  (476.4-kPa-msec)  to  144-psi-msec  (992.8-kPa-msec)  over  the  four  tests.  To  reiterate  the  point 
that  blast  analysis  requires  dynamic  evaluation,  8-psi  is  equivalent  to  1152  lb/fit2  (55-kPa).  Designing  the 
WP’s  for  a  static  load  of  1152-lb/ft2  would  be  overly  conservative. 

Post  test  cracking  diagrams  are  presented  in  Figure  6  for  T2  and  T3.  Cracking  is  more  extensive  for  the 
CP  as  compared  to  the  sandwich  panels.  The  crack  size  was  largest  at  the  mid-height  and  decreased 
toward  the  supports.  A  vertical  crack  was  observed  in  the  CFRPP  post  T3,  this  is  indicative  of  two-way 
action  at  the  bottom  of  the  panel  and  may  be  due  to  binding  between  the  panel  and  test  structure.  In  all 
cases  the  panels  performed  well  with  distributed  cracking  and  a  permanent  deformation  of  less  than  3-in. 
(7.6-cm)  over  the  30-ft  (9.1-m)  span. 
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Figure  5:  Displacement  versus  time  response  (Note:  1-in.  =  2.54-cm) 
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Predictive  Modeling  of  Tested  Wall  Panels 

The  measured  response  is  examined  using  an  equivalent  SDOF  model  based  on  the  as-built  conditions  of 
the  panels.  The  material  properties  and  resulting  moment-curvature  and  load-displacement  responses  are 
presented  in  this  section. 

Material  Properties 

The  concrete  28-day  compressive  strength  was  7.56-ksi  (52.1-MPa),  8.90-ksi  (61.4-MPa),  and  8.60-ksi 
(59.3-MPa)  for  the  CP,  SZP  and  CFRPP,  respectively.  The  linear  piecewise  approximate  concrete  stress- 
strain  models  are  shown  in  Figure  7(b).  It  is  assumed  that  the  #4  bar  met  ASTM  A706  specifications  and 
the  WWR  met  ASTM  A185  specifications.  The  prestressing  strands  were  270-ksi  (1862-MPa)  low 
relaxation  3/8-in.  (0.95-cm)  diameter  7-wire  strands.  The  mild  steel  reinforcement  and  WWR  were 
modeled  from  recent  mill  certifications  of  similar  material.  Elastic  moduli  of  the  prestressing,  mild  steel, 
and  WWR  were  assumed  to  be  29,000-ksi  (200-GPa).  The  assumed  in-situ  static  steel  stress-strain 
models  are  shown  in  Figure  7(a). 


(a) 

Figure  7.  Material  models  (Note:  1-psi  =  6.895-kPa) 


(b) 
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Dynamic  Increase  Factors  (DIF) 

To  account  for  material  strength  increases  that  occur  under  high  strain  rates  the  yield  strength  and  strain 
and  the  ultimate  strength  of  the  concrete  and  steel  were  increased  by  a  DIF.  The  strain  rate  was  computed 
at  the  face  of  the  wall  and  the  location  of  the  reinforcement  from  the  measured  displacement  time  history 
and  the  predicted  moment  curvature.  The  strain  rates  varied  from  0.05  to  0.1/sec  were  estimated.  A  strain 
rate  of  0.1/sec  was  used  to  compute  the  DIF  values.  The  DIF  are  tabulated  for  different  materials  and 
strain  rates  in  PSADS  [U.S.  Army  1998].  The  DIF  used  are  summarized  in  Table  3.  DIF  were  not 
available  for  the  ultimate  strength  of  the  WWR  or  for  the  prestressing  strands.  To  be  conservative  a  value 
of  1.0  is  used. 


Table  3:  Dynamic  increase  factors  (DIF) 

Material 

Yield 

Ultimate 

#4  Bar 

1.15 

1.05 

WWR 

1.05 

1.00 

Prestressing  Strand 

1.00 

1.00 

Concrete  (Compression) 

N.A. 

1.20 

Concrete  (Tension/Shear) 

N.A. 

1.10 

Moment-Curvature  (M-fI>)  Approximation 

The  M-  <P  analyses  were  performed  using  a  fiber  analysis  technique.  The  CP  was  modeled  as  a  solid 

concrete  section  composed  of  300  fibers  each  0.02-in.  (0.05-cm)  thick.  The  SZP  and  CFRPP  were 
modeled  as  two  solid  concrete  sections  with  fibers  0.02-in.  (0.05-cm)  thick.  The  layers  of  reinforcement 
were  concentrated  at  their  respective  centroid  locations  (Figure  4(a)).  The  fibers  were  assigned  material 
properties  as  previously  presented  in  Figure  7. 

For  the  sandwich  WP’s,  fully  composite  (FC)  and  non-composite  (NC)  analyses  were  performed  to 
provide  a  bound  on  the  response.  The  insulation  wythe  (Figure  4d)  was  assumed  to  remain  intact  during 
the  analyses  and  provide  no  structural  resistance. 

The  results  of  the  M-  4>  analysis  for  the  tested  panels  are  presented  in  Figure  8a.  Due  to  cracking  of  the 

sandwich  WP’s  a  decrease  in  strength  was  observed.  The  resistance  of  the  section  increased  as  the 
tension  reinforcement  became  effective  (strands  and  WWR).  This  was  followed  by  yielding  of  the 
tension  reinforcement  and  fracture  of  the  WWR.  The  sandwich  WP’s  failed  due  to  fracture  of  the 
prestressing  strands  in  the  tension  wythe.  The  CP  failed  due  to  crushing  of  the  concrete. 

Approximate  M-  <P  responses  are  developed  from  the  non-linear  estimates  to  simplify  the  SDOF  analyses. 
The  approximate  curves  characterize  the  behavior  of  the  WP’s  to  ultimate  curvature  as  shown  in  Figure  8. 
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In  estimating  the  ultimate  response,  a  conservative  equal  energy  approach  was  utilized.  That  is,  the  area 
under  the  predicted  M-tj)  curve  was  found  and  used  to  develop  an  elastic  perfectly  plastic  (EPP)  ultimate 
curve.  The  elastic  stiffness  and  the  ultimate  curvature  were  kept  consistent.  It  is  important  to  note  that  by 
maintaining  an  equal  energy  approach  in  determining  the  ultimate  curve,  energy  absoiption  capacity  is 
not  fictitiously  added  to  the  system. 
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Figure  8:  Estimated  response  (Note:  1  kip-in. 
Load-Displacement  (F-y)  Approximation 


Using  the  approximate  M-(j)  responses  theoretical  load  -  displacement  relationships  were  determined  and 
are  presented  in  Figure  8b.  Although  the  WP’s  were  designed  to  have  the  same  mass  it  is  apparent  from 
the  F-y  that  the  WP  flexural  capacities  differ.  The  fully  composite  sandwich  SZP  and  CFRPP  can  sustain 
approximately  33%  and  66%  more  load  than  the  CP.  The  extensive  transverse  cracking  (Figure  6)  of  the 
CP  can  be  attributed  to  the  lower  flexural  capacity. 


To  determine  the  ultimate  deformation  a  plastic  hinge  length  (length  over  which  maximum  damage 
occurred)  was  estimated.  A  hinge  length  of  18-in.  (45.7-cm)  located  at  mid  height  was  assumed.  This 
corresponds  to  the  region  of  concentrated  transverse  cracking  observed  in  the  tested  panels  as  shown  in 
Figure  6.  The  displaced  shape  at  the  ultimate  deflection  level  is  consistent  with  the  shape  function,  02 
shown  in  Figure  2.  The  estimated  theoretical  ultimate  displacements  (y„/t)  are  19.2-in  (48.8-cm)  and  16.5- 
in  (41.9-cm)  for  the  SZP  and  CFRPP,  respectively.  The  ultimate  deflections  correspond  to  support 
rotations  of  6-degrees  (0.105-radians)  with  approximately  2.7-in.  (6.9-cm)  of  shortening  and  5.1-degrees 
(0.089-radians)  with  approximately  1.6-in.  (4.1 -cm)  of  shortening  for  the  SZP  and  CFRPP,  respectively. 
The  calculations  do  not  account  for  P-8  effects  which  may  reduce  the  ultimate  displacement.  This  should 
be  accounted  for  in  load-bearing  wall  systems. 


The  CP  ultimate  deflection  was  limited  based  on  the  size  of  the  supports.  It  was  assumed  that  the  WP 
could  shorten  4-in.  (10.2-cm)  before  it  fell  off  its  supports  based  on  the  WP  boundary  conditions  (Figure 
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3).  Using  the  ultimate  deflection  mode  shape  (<J>2),  this  limited  the  CP  ultimate  displacement  to  26.9-in. 
(68.3-cm).  The  CP  ultimate  deflection  corresponds  to  a  support  rotation  of  8.4-degrees  (0.147-radians). 
It  is  important  to  note  that  this  is  a  characteristic  of  the  test  setup  only. 

Once  the  maximum  deformation,  ymax,  for  the  given  demand  is  achieved  the  WP  rebounds  (Figure  5). 
Due  to  the  damage  that  occurs  in  achieving  ymax  the  rebound  stiffness  is  not  equal  to  the  initial  stiffness. 
To  determine  the  appropriate  stiffness  to  use  for  rebound  and  subsequent  cycles  the  measured  response  is 
examined. 


Rebound  Stiffness  Estimation 

Figure  9(a)  presents  a  schematic  of  a  resistance  versus  displacement  history  for  a  typical  WP  subjected  to 
blast  load.  During  the  initial  positive  displacement  the  WP  follows  the  elastic  and  strain  hardening 
stiffness,  K1  and  K2  previously  determined  from  the  load  -  displacement  analysis  (Figure  8b).  After  ymax 
is  reached,  the  WP  rebounds  with  a  new  stiffness  K3  (softer  than  K1  due  to  the  damage  incurred)  until  a 
zero  displacement  is  reached  at  midspan.  At  this  displacement,  it  is  assumed  that  the  WP  stiffness,  K4, 
returns  to  the  original  stiffness,  Kl,  as  the  uncracked  (exterior)  face,  initially  under  compression 
experiences  tension.  Once  the  WP  midspan  rebounds  back  to  zero  displacement  a  final  stiffness  K5  is 
used.  The  K5  stiffness  should  be  comparable  to  K3  if  no  additional  damage  is  incurred  during  the 
rebound  displacement.  The  stiffness  intervals  are  defined  in  Figure  9(b)  for  clarity. 

The  initial  rebound  stiffness,  K3,  and  the  reloading  stiffness,  K5  are  determined  from  the  measured 
experimental  results  of  the  CP.  Stiffness  K3  was  determined  by  minimizing  the  error  between  the 
measured  displacement  and  the  damped  model  atyreb.  Two  methods  were  used  to  determine  stiffness  K5. 
In  the  first  method,  a  fast  fourier  transform  (FFT)  was  performed  on  the  data  within  the  K5  regime.  The 
FFT  provides  the  natural  frequency,  U),„  inherent  to  the  K5  regime  from  which  the  stiffness  can  be 
calculated  using  Equation  (5).  In  the  second  method,  one-half  of  the  natural  period  of  the  WP,  Tn,  was 
estimated  by  calculating  the  time  between  a  positive  and  subsequent  negative  peak  displacement  in  the 
K5  regime  (shown  in  Figure  9(b)).  The  stiffness  can  be  calculated  from  the  natural  period  estimation  Tn. 
Stiffness  calculated  using  the  two  methods  correlated  to  within  approximately  5%  for  Tl. 


co„ 


K  5 

klm*m 


(5) 


The  resulting  stiffness  values  for  the  CP  model  are  summarized  in  Table  4.  The  resulting  percentage 
decrease  in  stiffness  from  Kl  is  shown.  Note  that  test  2  and  4  were  conducted  on  damaged  panels  thus 
the  initial  stiffness  for  those  two  tests  are  assumed  to  equal  the  K5  stiffness  from  the  preceding  test.  The 
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same  stiffness  degradation  values  are  used  for  the  sandwich  WP’s.  These  values  are  specific  to  the  walls 
tested  and  may  not  be  applicable  to  different  systems  or  configurations. 
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Figure  9:  Rebound  stiffness  clarification  (Note:  1-in.  =  2.54-cm) 


Table  4:  Control  pane 

stiffness  rules  (Note:  1-lb/in  =  175.2-N/m) 

Test  1 

Test  2 

Test  3 

Test  4 

Stiffness 

Value 

[lbs/in] 

% 

Initial 

Value 

[lbs/in] 

% 

Initial 

Value 

[lbs/in] 

% 

Initial 

Value 

[lbs/in] 

% 

Initial 

K1 

15564 

100% 

5060 

33% 

15528 

100% 

3882 

25% 

K2 

356 

2% 

356 

2% 

416 

3% 

416 

3% 

K3 

7159 

46% 

4046 

26% 

4813 

31% 

3571 

23% 

K4 

15564 

100% 

15564 

100% 

15528 

100% 

n/a 

n/a 

K5 

5060 

33% 

3950 

25% 

3882 

25% 

n/a 

n/a 

Critical  Damping  Ratio  Estimation 


Based  on  the  measured  responses  a  significant  amount  of  damping  was  present  in  the  tested  panels.  To 
model  the  displacement  time  history  accurately  a  damping  ratio  is  determined  from  the  measured  results. 
The  log-decrement  method  was  used  to  calculate  the  damping  ratio  whereby  the  peak  displacements  in 
free  vibration,  ;  and yfmax 2,  were  measured  relative  to  the  permanent  deformation,^™  (Figure  10). 
The  peak  displacements,  permanent  deformations,  and  damping  ratios  are  summarized  in  Table  5  for  T1 
and  2.  The  lower  critical  damping  ratio,  of  10%  is  used  in  all  analytical  models  to  provide  a 
conservative  estimation  of  displacement. 


Table  5:  Critical  damping  ratio 
(£)  (Note:  1-in.  =  2.54-cm) 

Test  1 

Test  2 

y  f,  max  1 

1.02  in. 

1.84  in. 

y  f,  max  2 

0.74  in. 

1.49  in. 

yperm 

0.52  in. 

1.11  in. 
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£ 


13% 


10% 


Experimental  Validation  for  Control  Panel 

Using  the  approximate  load-displacement  response  (Figure  8b),  the  stiffness  rules  (Table  4),  and  the 
applied  reflected  pressure  time  history  from  gauge  P7,  the  approximate  SDOF  analysis  was  perfonned. 
The  analyses  were  conducted  for  both  undamped  and  with  a  10%  damping  ratio.  The  predicted  CP 
displacement  -  time  histories  are  compared  to  the  measured  response  for  test  2  and  3  in  Figure  10a  and  b, 
respectively.  The  undamped  predictions  are  truncated  after  the  first  rebound  displacement. 


The  predicted  peak  positive,  ymax,  peak  rebound,  yreb,  and  permanent  deformation,  yperm,  are  compared  to 
the  measured  displacements  in  Table  6.  The  damped  model  consistently  underestimates  the  peak 
displacement  while  the  undamped  model  consistently  over-estimates  the  peak  displacement.  To  be 
conservative  it  is  recommended  that  damping  be  ignored  when  maximum  deformation  is  to  be 
determined.  The  first  rebound  deformation  is  predicted  more  accurately  with  the  damped  model.  The 
damped  model  also  provides  a  conservative  estimate  of  the  permanent  deformation. 


Figure  10:  Analytical  model  validation  (Note:  1-in.  =  2.54-cm) 


Table  6:  Control  Panel  Analytical  Model  Displacement  Comparison  [in.] 

Experimental 

Model  (10%  damping) 

Model  (Undamped) 

Test 

y  max 

yreb 

yperm 

y  max 

yreb 

yperm 

ymax 

yreb 

1 

2.02 

-0.44 

0.52 

1.82 

(-9.9%) 

-0.45 

(2.3%) 

0.65 

(25%) 

2.05 

(1.5%) 

-0.58 

(31.8%) 

2 

3.92 

-0.02 

1.11 

3.85 

(-1.8%) 

-0.02 

(0.0%) 

1.25 

(12.6%) 

4.21 

(7.4%) 

-0.25 

(1150%) 

3 

4.98 

0.59 

1.58 

4.10 

(-17.7%) 

0.63 

(-6.8%) 

2.20 

(39.2%) 

5.19 

(4.2%) 

0.65 

(-10.2%) 

4 

8.36 

-0.11 

2.25 

7.92 

(-5.3%) 

-0.12 

(9.1%) 

n/a 

9.11 

(9.0%) 

-0.45 

(309%) 

(Note:  1-in.  =  2.54-cm;  %  Difference  appears  in  ( )) 
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Experimental  Validation  for  Sandwich  Panels 

The  analytical  model  developed  using  the  approximate  SDOF  method  is  extended  to  the  sandwich  wall 
panels.  Unless  otherwise  stated,  the  same  techniques  used  for  the  CP  were  used  for  the  sandwich  WP’s. 
The  results  of  the  approximate  undamped  SDOF  analyses  for  T2  and  3  are  compared  to  the  experimental 
response  in  Figure  11a  and  b,  respectively.  The  peak  and  rebound  displacements  for  all  four  tests  are 
compared  to  the  composite  and  non-composite  model  estimates  in  Table  7. 

For  all  tests  the  assumption  of  full  composite  action  provides  a  reasonable  correlation  with  the  measured 
peak  displacement.  Modeling  the  sandwich  panels  as  non-composite  significantly  over-estimates  the 
peak  displacement.  The  rebound  deformation  was  not  accurately  captured  in  either  of  the  models.  This 
may  be  attributed  to  a  number  of  causes  including  but  not  limited  to  binding  of  the  panel  in  the  test  fixture 
or  variation  in  composite  action  over  displacement  history. 


Figure  1 1 :  Sandwich  panel  analytical  model  (Note:  1-in.  =  2.54-cm) 


Table  7:  Sandwich  panel  analytical  model  displacement  comparison  [in.] 

Actual 

Model  (Fully 
Composite) 

Model  (Non- 
Composite) 

Test 

y max 

yreb 

y  max 

yreb 

y  max 

yreb 

1 

1.52 

-0.91 

1.86 

(22.4%) 

-0.09 

(90.1%) 

2.19 

(44.1%) 

-2.89 

(218%) 

2 

2.87 

-0.95 

3.22 

(12.2%) 

-0.75 

(21.1%) 

5.05 

(76.0%) 

1.12 

(-218%) 

3 

4.46 

-0.49 

4.32 

(3.1%) 

1.89 

(-486%) 

5.97 

(33.9%) 

-3.75 

(665%) 

4 

6.50 

-0.31 

6.11 

(6.0%) 

-0.75 

(142%) 

14.81 

(128%) 

0.32 

(-203%) 

(Note:  1-in.  =  2.54-cm) 


Reflected  Pressure  Approximation 

As  mentioned  previously,  reflected  pressure  versus  time  curves  are  typically  approximated  for  dynamic 
analysis  as  a  triangular  pulse.  To  determine  the  adequacy  of  this  approximation,  the  WP’s  were  subjected 
to  a  triangular  pulse  equivalent  to  the  positive  phase  of  the  measured  reflected  pressure  versus  time  curves 
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from  Figure  5.  The  resulting  maximum  displacements  are  compared  in  Table  8  to  the  displacements  from 
the  analytical  model  developed  using  the  measured  reflected  pressure-time  history  (Table  6  and  Table  7). 


Table  8:  Error  in  peak  displacement  [%] 

Sandwich  Panel 

Control  Panel 

Test 

Actual  P-t 

Approx.  P-t 

Actual  P-t 

Approx.  P-t 

1 

1.86  (22.4%) 

5.35  (252%) 

2.05  (1.5%) 

8.04  (298%) 

2 

3.22  (12.2%) 

10.03  (249%) 

4.21  (7.4%) 

16.54  (322%) 

3 

4.32(3.1%) 

>16.5  (>270%) 

5.19(4.2%) 

>26.9  (>440%) 

4 

6.11  (6.0%) 

>16.5  (>154%) 

9.11  (9.0%) 

>26.9  (>222%) 

(Note:  1-in.  =  2.54-cm,  %  Error  w.r.t.  experimental  results) 


It  is  apparent  that  the  triangular  pulse  approximation  is  overly  conservative  for  the  WP’s  in  this  study.  To 
accurately  estimate  the  peak  deformation  of  these  panels  the  negative  pressure  phase  must  be  included. 
This  may  not  be  the  case  for  shorter  panels.  Recall  from  Figure  5  that  all  peak  displacements  occurred 
during  or  after  the  negative  region  of  the  impulse.  Shorter  panels  will  have  increased  stiffness  which  will 
cause  the  peak  displacements  to  occur  earlier.  This  will  decrease  the  sensitivity  of  the  peak  displacement 
to  the  negative  phase. 

Generalized  Blast  Capacity  Assessment 

To  determine  the  blast  capacity  of  a  structural  component  the  equivalent  SDOF  modeling  technique  is 
used  to  develop  iso-damage  curves  [Baker  et  al  1983].  Flexural  iso-damage  curves,  FIDC,  provide 
combinations  of  peak  pressure,  Pmax,  and  a  corresponding  impulse,  Ip,  which  cause  the  flexural  capacity  of 
the  structural  element  to  be  achieved. 

Flexural  Iso-Damage  Curves  (FIDC) 

To  formulate  a  specific  point  on  a  FIDC  using  the  triangular  pulse  approximation,  a  td  value  (Figure  12a) 
is  assumed.  Pmax  is  then  incrementally  increased  within  the  approximate  SDOF  method  until  the  ultimate 
displacement  of  the  wall  was  achieved.  For  the  walls  tested  the  following  ultimate  displacements  were 
computed:  26.9-in  (68.3-cm),  19.2-in  (48.8-cm),  and  16.5-in  (41.9-cm)  for  CP,  SZP,  and  CFRPP, 
respectively.  The  combination  of  maximum  pressure  and  positive  impulse  that  cause  failure  represent 
one  point  on  the  FIDC.  The  td  was  then  increased  and  the  procedure  was  repeated.  A  schematic  of 
increasing  triangular  pulses  and  the  corresponding  displacement  history  for  one  value  of  td  is  shown  in 
Figure  12a.  The  peak  pressure  and  impulse  causing  failure  is  plotted  on  the  flexural  iso-damage  curve  in 
Figure  12b.  The  complete  FIDC  for  the  panels  are  presented  in  Figure  12b. 

Given  the  amount  of  explosive  and  standoff  distance  the  pressure  and  impulse  demand  can  be  computed 
using  well  established  methods  [U.S.  Army  1998].  The  peak  pressure  and  impulse  for  a  given  amount  of 
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explosive  can  be  computed  for  multiple  standoff  distances  and  be  incorporated  into  the  FIDC  as  shown  in 
Figure  12b.  Pressure  and  impulse  values  to  the  left  and  below  the  FIDC  would  not  cause  failure;  values 
on  the  other  side  would  produce  failure.  For  a  given  amount  of  explosive  the  panels  will  fail  in  a  flexural 
mode  at  a  standoff  distance  defined  as  Xcloser.  As  the  distance  is  increased  to  X  and  XIurlhcr  the  demands 
decrease,  this  trend  is  captured  in  the  explosive  demand  curve  in  Figure  12b.  The  actual  standoff  distances 
and  explosive  charge  used  are  not  shown  due  to  security  concerns. 

It  is  important  to  note  that  the  conservatism  of  the  triangular  pulse  approximation  is  nested  within  the 
FIDC.  To  remove  this  conservatism,  the  negative  pressure  phase  of  the  blast  loading  can  be  included  in 
the  formulation. 
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Figure  12:  Flexural  Iso-Damage  Curves  (Note:  1-psi  =  6.9-kPa;  1-in.  =  2.54-cm) 

FIDC  Including  Negative  Phase  of  Reflected  Pressure 

Developing  FIDC  including  the  negative  reflected  pressure  phase  of  blast  loads  is  a  difficult  task.  No 
generalized  pressure  time  response  is  available  that  characterizes  Pmax,  Pmim  Ip,  ta,  and  /„  for  various 
standoffs  and  explosives.  Consequently,  the  actual  pressure  -  time  history  is  used  in  place  of  the 
triangular  pulse. 


The  reflected  pressure  versus  time  history  corresponding  to  a  small  amount  of  explosive  at  a  large 
standoff  distance  is  generated  using  one  of  the  tools  available  [Britt  et.  al.  2001].  The  standoff  distance  is 
subsequently  decreased  until  the  reflected  pressure  -  time  history  caused  the  WP  ultimate  displacement  to 
be  achieved.  The  amount  of  explosive  was  then  increased  and  the  procedure  repeated.  This  procedure 
was  conducted  on  the  SZP.  Since  a  realistic  pressure  -time  history  is  used  both  a  positive  and  negative 
impulse  is  applied.  To  characterize  the  response  on  a  FIDC  only  the  positive  terms,  Pmax  and  Ip,  are 
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included.  The  resulting  FIDC  (Figure  12b)  indicates  that  the  panel  has  a  greater  capacity  than  expected 
when  compared  to  the  triangular  pulse  approximation  FIDC.  The  SZP  which  initially  was  expected  to  fail 
at  a  standoff  distance,  XC]0ser,  is  now  capable  of  resisting  the  same  explosive  at  an  even  closer  standoff. 
Note  that  at  very  close  standoff  distances  the  uniform  pressure  load  assumption  may  begin  to  breakdown. 
To  account  for  the  new  pressure  distribution,  new  KLM  factors  may  be  required. 

Shear  Capacity 

The  structural  component  must  also  be  evaluated  for  shear.  This  is  accomplished  by  comparing  the 
dynamic  support  reactions  to  the  dynamic  shear  capacity.  The  dynamic  reaction  is  determined  from 
equilibrium  of  the  dynamic  system.  Using  the  previously  discussed  mode  shapes  the  shear  demand  can 
be  found  with  respect  to  time.  This  procedure  is  summarized  in  Biggs  [1964]  and  is  presented  in 
equations  (6)  and  (7)  for  the  elastic  and  plastic  responses,  respectively.  The  dynamic  support  reaction, 
V(t),  is  a  function  of  the  applied  load,  P(t),  and  resistance,  R(t),  at  that  time.  The  dynamic  reactions  were 
calculated  using  numerical  integration  and  compared  to  the  shear  capacity.  The  shear  capacity  of  the 
panels  are  found  from  the  static  shear  strength  of  concrete  (2-Jf^ )  with  the  DIF  from  Table  3  applied  over 

the  gross  concrete  area. 

V  (t)  =  0.39  *  R(t)  +  0.11*  P(t)  (6) 

V  (t)  =  0.38  *  R(t)  +  0.12*  P(t)  (7) 

Figure  13  presents  capacity  and  reaction  demands  for  the  third  blast  test.  The  support  reactions  for  both 
panels  are  similar  until  approximately  55  msec.  Since  the  resistance  is  low  and  demand  is  highest  at  the 
time  of  arrival  the  applied  pressure  load  dominates  the  reaction  force.  The  panel  capacity  is  greater  than 
the  shear  demand  at  all  times. 


Figure  13:  Test  3  shear  capacity  demand  comparison  (Note:  1-kip  =  4.45-kN) 
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The  techniques  presented  in  the  previous  sections  allow  a  designer  to  effectively  analyze  the  blast 
capacity  of  a  precast,  prestressed  concrete  wall  panel.  The  iso-damage  curves  including  the  negative 
pressure  phase  can  be  used  as  an  effective  blast  evaluation  tool. 

Blast  Capacity  Assessment  of  Double  Tees  (DT) 

The  analysis  techniques  presented  in  the  previous  sections  can  be  modified  to  simulate  a  close-on 
explosion  (4-ft  (1.2-m)  standoff)  on  DT  floor  diaphragms.  DT’s  of  varying  span  lengths  are  examined 
and  FIDC’s  are  developed  for  each  case. 

Blast  Demands 

For  a  close-on  explosion  acting  over  the  surface  area  of  a  DT,  the  blast  loading  is  non-uniform.  A 
simplified  loading  was  developed  to  ease  dynamic  evaluation.  A  prototype  structure  was  developed  in 
BlastX  [Britt  et.  al.  1998]  similar  to  the  structure  in  Figure  2.  Seven  different  amounts  of  explosive, 
ranging  from  a  briefcase  to  a  vehicle  sized  explosive,  were  detonated  at  midspan  of  the  DT,  4ft  (1.2m) 
above  the  surface.  For  each  explosive  the  peak  pressures  along  the  DT  were  found  resulting  in  a  non- 
uniform  distribution.  This  was  approximated  with  a  uniform  distributed  load  at  midspan.  For  the 
uniform  load  the  maximum  pressure  was  kept  constant  and  the  width  was  chosen  to  produce  the  same 
total  force  as  the  non-uniform  distribution.  A  uniform  distributed  load  width  of  7.5-ft  (2.3-m)  was  found 
by  averaging  the  results  from  each  amount  of  explosive.  A  schematic  of  the  original  non-uniform  and 
uniform  approximation  are  shown  in  Figure  2. 

Span  lengths  of  40-ft  (12.2-m),  45-ft,  50-ft,  and  55-ft  were  examined  in  this  study.  To  reduce  the  actual 
system  to  an  equivalent  system,  KLM,  factors  were  determined  based  on  the  approximate  loading,  DT 
length,  and  simply  supported  boundary  conditions.  The  KLM  factors  for  the  varying  span  lengths  are 
summarized  in  Table  1. 

Resistance 

A  15-ft  (4.6-m)  wide  DT  cross-section  is  examined  as  shown  in  Figure  14.  Sixteen  '/2-in.  (1.3-cm)  special 
low  relaxation  grade  270  (1862-MPa)  prestressing  strands  were  used  with  a  constant  eccentricity.  Each 
strand  has  an  initial  jacking  stress  of  60%  of  ultimate,  18%  prestressing  losses  were  assumed.  The  DT  is 
assumed  to  have  the  same  steel  material  properties  as  the  previously  examined  panels  (Figure  7).  The 
concrete  is  assumed  to  have  a  compressive  strength  of  6-ksi  (41.4-MPa).  The  DT  panels  are  designed  to 
support  self  weight,  D,  and  a  live  load,  L,  of  40-psf  (1.9-kPa)  in  accordance  with  ASCE  7-05.  The  panels 
are  designed  to  remain  un-cracked  under  service  loads. 


21 


-3’-: 


>7,i  _ 


3„  _ 


2 

2'-4"=h 


DT 


3@l|" 


WWR  12  x  36  -  D8.9  x  D4.5 

8i" 


W  3'‘b8 


,7.._ 


7„ 


7" 


-  2  -  2  in.  Strands  (typ.) 


Figure  14:  DT  cross-section  (Note:  1-in.  =  2.54-cm) 
Load-Displacement  (F-A)  Results 


M-  (f>  analyses  were  performed  and  F—y  results  generated  for  each  DT  span  length.  A  plastic  hinge  length 
of  twice  the  depth  of  the  DT  was  assumed  for  ultimate  displacement  calculations.  The  ultimate  strength 
of  the  DT  was  controlled  by  fracture  of  the  lowest  layer  of  prestressing  strand.  It  is  assumed  that  the 
panels  have  adequate  supports  to  prevent  unseating.  Prior  to  application  of  the  blast  load,  a  factored  load 
of  1.2D  +  0.5L,  consistent  with  the  Unified  Facilities  Criteria,  was  applied  [U.S.  DOD  2005].  The 
remaining  DT  capacity  was  available  for  blast  resistance. 


Analytical  Model  Application 

The  flexural  iso-damage  curves  for  the  four  DT  span  lengths  are  presented  in  Figure  15.  The  curves  were 
formulated  using  the  triangular  pulse  approximation  as  shown  in  Figure  12a.  For  the  low  standoff  case 
examined  the  negative  phase  is  negligible  to  that  of  the  positive  as  shown  in  Figure  2.  Using  only  the 
positive  phase  for  this  case  should  provide  an  accurate  estimate  of  the  panel  capacity.  These  curves  can 
be  used  to  rapidly  assess  if  the  blast  resistance  is  adequate. 


Figure  15:  FIDC  for  double  tee  panels  (Note:  1-psi  =  6.9-kPa) 

It  is  important  to  note  that  the  extension  of  the  model  to  DTs  was  purely  analytical.  Issues  that  may 
contribute  to  deviation  from  the  presented  results  include  but  are  not  limited  to  the  following:  Brisance  of 
concrete  (local  shattering  of  concrete)  is  possible  for  close-on  explosions;  contribution  of  adjacent  DT 
panels  to  the  flexural  resistance;  two-way  flexural  action  could  occur  between  the  DT  webs;  finally, 
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higher  order  dynamic  modes  could  contribute  substantially  to  the  behavior  thus  causing  the  analytical 
model  to  break  down.  Blast  tests  verifying  the  analytical  model  results  would  be  beneficial. 

Conclusions  and  Recommendations 

Four  precast  wall  panels  were  tested  under  four  explosive  demands.  The  pressure  and  displacement  time 
histories  of  the  walls  were  measured  and  are  presented  in  detail.  These  results  are  used  to  validate 
approximate  single  degree  of  freedom  (SDOF)  models.  Using  these  models  flexural  iso-damage  curves 
can  be  developed  for  blast  assessment  of  precast  elements.  The  methods  used  to  develop  these  curves  and 
the  accuracy  of  this  method  is  presented.  From  the  results  and  discussion  presented  the  following 
conclusions  can  be  made. 

1.  The  precast,  prestressed  concrete  wall  panels  subjected  to  peak  pressures  of  8  to  29-psi  (55  to 
200-kPa)  and  positive  impulses  of  69.1-psi-msec  (476.4-kPa-msec)  to  144-psi-msec  (992.8-kPa- 
msec)  performed  adequately.  Exhibiting  distributed  flexural  cracking  with  a  permanent 
deformation  of  less  than  3-in.  (7.5-cm)  over  the  30-ft  (9.1-m)  span. 

2.  The  panels  exhibited  damping  with  a  measured  critical  damping  ratio  of  approximately  10%. 

3.  SDOF  modeling  methods  provide  a  conservative  approximation  of  deformation  response  for  the 
precast  concrete  wall  panels  examined  in  this  study. 

4.  To  be  conservative  damping  should  be  ignored  when  determining  the  maximum  expected 
displacement. 

5.  If  the  displacement  history  is  to  be  approximated,  a  damping  ratio  of  10%  should  be  included  for 
the  wall  panels  in  this  study. 

6.  Modeling  the  sandwich  wall  panels  as  fully  composite  provided  a  reasonable  approximation  of 
peak  wall  displacement.  Modeling  the  panels  as  non-composite  provided  overly  conservative 
predictions. 

7.  Due  to  the  flexibility  of  the  wall  panels  examined  in  this  study  the  peak  displacement  occurs 
during  or  after  the  negative  pressure  phase.  Therefore  the  negative  impulse  must  be  included  for 
accurate  prediction  of  deformation.  Discounting  the  negative  phase  provides  an  overly 
conservative  estimation  of  expected  deformation. 

8.  Accurate  iso-damage  assessment  curves  can  be  developed  to  account  for  the  negative  pressure 
phase  by  application  of  realistic  pressure  time  histories. 
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9.  Iso-damage  curves  can  be  developed  for  double  tee  floor  diaphragm  panels  of  various  size,  cross- 
section,  and  reinforcement.  These  models,  however,  are  only  theoretical  and  must  be 
experimentally  verified  before  used  in  practice. 

Future  Work 

The  analysis  method  presented  is  validated  with  experimental  results  from  the  Tyndall  AFB  precast  wall 
panel  tests.  To  fully  validate  the  method  for  other  applications  additional  blast  testing  of  alternate  wall 
panel  types  and  floor  diaphragm  panels  is  imperative.  In  addition,  the  testing  and  evaluation  method 
discussed  assumes  that  the  supports  are  capable  of  resisting  the  dynamic  forces  and  resulting 
deformations  imposed.  Experimental  validation  of  connection  performance  under  blast  demands  should 
be  conducted. 

With  further  validation  of  double  tee,  hollow  core  and  other  precast  panels  the  methods  presented  can  be 
used  to  develop  a  database  of  FIDO’s  which  would  facilitate  effective  blast  resistant  design  of  precast 
concrete  systems. 
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